Abstract-The properties of a proton beam can be investigated by using a stack of radiochromic film imaging the shadows of a mesh placed within the beam path. We present results of a laser-generated proton beam from hemispherical shell targets. The experimental data validate particle-in-cell hybrid modeling using the large-scale plasma code and lead to the understanding of proton focusing relevant to integrated-proton fast-ignition experiments.
ical shell targets with a 300-μm radius of curvature were irradiated with the Trident short-pulse laser delivering approximately 70-80 J on target in 500-600 fs with 50% of the energy contained in a 90-μm focal spot [8] . The principal diagnostic used in the experiment was a stack of radiochromic film (RCF). The RCF is a dosimetry film with an active layer that undergoes a chemical reaction when exposed to ionizing radiation, changing the color of the film to blue. The resultant optical density is proportional to the dose of radiation absorbed. Layers of the RCF were alternated with Al filters of different thicknesses to create a stack, which was placed 4 cm behind the target. The experimental setup is shown in Fig. 1(a) . Since protons deposit the majority of their energy at the Bragg peak, each layer of the RCF corresponds to a particular proton energy [4] , [7] . A copper mesh was placed in the path of the proton beam at various distances from the apex. The generated proton beam from the rear surface of the target will pass through the mesh, leaving an imprint in the beam, which is visible in the RCF image, providing beam information for different ranges of proton energies. Fig. 1(b) and (c) are two layers of the RCF showing the proton beam collected from a hemispherical shell with the mesh placed 1.5 mm from the apex [position 2 in Fig. 1(a) ]. The proton beam is reconstructed by using straight-line trajectories to trace the mesh image on the RCF back through the mesh placed in the beam path to determine the focusing characteristics of the beam (i.e., focal-spot size and position). The focal position was calculated to be inside of the hemispherical shell (< R), i.e., much less than the previous determined distance of 1.7R [6] . This result is likely unphysical, as discussed below.
For further investigation, the proton beam was simulated using the hybrid particle-in-cell code large-scale plasma (LSP). For these laser conditions, modeling indicates that proton trajectories bend away from the axis near the best focus [similar to the outer beam envelope shown in Fig. 1(a) ]. A backward projection of the simulated particles, similar to the experimental analysis, shows that the modeling is consistent with the experimental results, which validates the modeling and the bending of the proton trajectories [9] .
The bending of the proton trajectories seen in the simulations is supported by the image captured on the layers of the RCF shown in Fig. 1(d) and (e). The proton beam passed through a mesh with a distinctive "M" placed at the equatorial plane of the hemisphere [position 1 in Fig. 1(a) ]. The orientation of the "M" seen on the RCF is in the same orientation as that in the experiment, as shown in Fig. 1(f) . These results are therefore inconsistent with the protons moving in straight-line trajectories and crossing the axis beyond mesh position 1, which would 0093-3813/$26.00 © 2011 IEEE have resulted in a flipped "M" image on the RCF film, as shown in Fig. 1(g ). An unflipped image that is consistent with the data is also possible if the protons had crossed the axis inside position 1 (< R). However, this would require an unknown focusing mechanism that would focus the protons to a smaller radius inside the geometric radius, which is also inconsistent with simulations.
The distortion of the mesh images on the RCF in Fig. 1 (b) and (c) provides information on the uniformity of the proton beam, which also supports the bending of the proton trajectories. The mesh image created by the higher energy protons [see Fig. 1(c) ] has less distortion than that produced by the lower energy protons [see Fig. 1(b) ]. This indicates that the trajectories of the lower energy protons are affected by the plasma jet set up by the higher energetic protons, which are accelerated from the target first. A detailed analysis to investigate the trajectory bending mechanism(s) is underway.
In conclusion, the use of an RCF stack to image and diagnose a proton beam generated from a hemispherical shell irradiated by a short-pulse laser has been presented. From experimental and simulation results, proton trajectories are not ballistic and are seen to bend near the focus, leading to a new understanding of proton focusing relevant to FI.
